Abstract: Wastewater treatment plants (WWTPs) face great challenges in developing countries, such as China, due to increasingly strict integrated wastewater discharge standard, especially for ammonium. Thus, it is very important to understand the limiting factor for ammonium removal in WWTPs. In this study, samples from 8 full-scale municipal WWTPs with different treatment processes in Pearl River Delta (PRD) area were evaluated. Bacterial and archaeal communities were investigated by high-throughput sequencing, activity of aerobic ammonium and nitrite oxidation, denitrification and anammox processes were evaluated. Nitrite, nitrate and TP concentration were strongly correlated with bacterial and archaeal composition in WWTPs based on canonical correspondence analysis (CCA). Aerobic ammonium oxidation activities were over 10 times lower than aerobic nitrite oxidation, denitrification and anammox activities in WWTPs samples, which indicated nitrogen removal activities in WWTPs were limited by aerobic ammonium oxidation, because of lack of nitrite/nitrate for denitrification and anammox. Moreover, a technology-dependent shaping of microbial diversity and nitrogen removal activity was observed. The highest bacterial diversity and nitrogen removal activities were achieved in sequencing batch reactor (SBR) and Modified Anaerobic-Anoxic-Oxic (MAAO) processes, which implied the advantage of these two treatment technologies in nitrogen removal. Therefore, this study suggested enhancing activity of aerobic ammonium oxidation might be a potential solution, for promoting ammonium removal and benefiting sustainable management of WWTPs in future. Keywords: Microbial community, WWTPs, nitrogen removal, activated sludge, Pearl River Delta * Correspondence to: Yi-Guo Hong, School of Environmental Science and Engineering, Guangzhou University, Guangzhou 510006, P.R. China; Key Laboratory for Water Quality Security and Protection in Pearl River Delta, Ministry of Education, Guangzhou 510006, P.R. China; State Key Laboratory of Tropical Oceanography (LTO), South China Sea Institute of Oceanology, Chinese Academy of Sciences, Guangzhou 510301, P.R. China; E-mail: yiguohong@gzhu.edu.cn 
Introduction
Nitrogen, which mainly present as ammonium in wastewater, is an important nutrient element for living organisms. Human activities accelerate the fluxes of nitrogen to coastal waters and lakes (Cloern, 2001) , which leads to significant eutrophication. Eutrophication becomes a serious environmental problem in developing countries, such as China, with development of economics during last a few decades (Huang et al., 2003; Le et al., 2010) .
Municipal wastewater treatment plants (WWTPs) are able to remarkably reduce carbon, nitrogen and phosphorus concentration in wastewater, through biological treatment processes. Because of the water shortage crisis and pollution in China, national discharging standard for municipal WWTPs has been upgraded a few times during past years, which currently requires ammonium concentration in effluent of all municipal WWTPs to be lower than 5 mg L −1 . This requirement brings a great challenge to design and operation of WWTPs (Qiu et al., 2010) , to meet this requirement, it is important to better understanding nitrogen removal pathway in WWTPs with different treatment processes.
Nitrification and denitrification is the most widely used nitrogen removal processes in WWTPs. Nitrification is a two-step process, ammonium is firstly oxidized to nitrite by aerobic ammonia-oxidizing bacteria (AOB), and nitrite can be further converted to nitrate through aerobic nitrite oxidation, which is performed by aerobic nitrite oxidizing bacteria (NOB), the produced nitrite and nitrate can be reduced to di-nitrogen gas via denitrification (Fisher, 1985; Zhang et al., 2011; . Recently, since the discovery of archaeal ammonia-oxidation (Könneke et al., 2005; Tourna et al., 2011) , anaerobic ammonium oxidation (anammox) (Jetten et al., 2001 ) and complete ammonium oxidation (comammox) (Van et al., 2015) , which provide different biochemical pathways in nitrogen removal. Nitrogen removal is no longer strict to traditional nitrification and denitrification processes, but becomes a very complicated network. Aerobic ammonia-oxidizing archaea (AOA) and anammox bacteria have been proved to play important roles in nitrification and nitrogen loss in marine oxygen minimum zones (Thamdrup and Dalsgaard, 2002; Arrigo, 2005) and land-freshwater interface (Zhu et al., 2013) . AOA and anammox bacteria are widespread in WWTPs (Park et al., 2006; Bai et al., 2012; , but the presence of comammox bacteria is nonubiquity, which may be outcompeted by non-comammox Nitrospira (Gonzalez-Martinez et al., 2016) . Nevertheless, the contribution of archaeal ammonia-oxidation, anammox and comammox processes to nitrogen removal are different over studies (Park et al., 2006; Bai et al., 2012; Wang et al., 2015; Gonzalez-Martinez et al., 2016; Fan et al., 2017; Pan et al., 2018) , which might be related to different operational parameters and treatment biotechnologies over sampling WWTPs.
Biological activity in municipal WWTPs is strongly related to the treatment biotechnologies (Brenner, 2010; , by affecting the composition and of microbial communities and activities of microbes . Many molecular methods have been used to understand microbial community structures in WWTPs, including fluorescence in situ hybridization (FISH) , construction of clone library Figuerola and Erijman, 2010) , real-time quantitative PCR analysis (Bai et al., 2012; Wang et al., 2015; Hai et al., 2014; Meng et al., 2017) and high-throughput sequencing (Fan et al., 2017 , Cortés-Lorenzo et al., 2014 Ma et al., 2015; Harter et al., 2016; Sun et al., 2018) . Anaerobic-anoxic-oxic (AAO), oxidation ditch (OD) and sequencing batch reactor (SBR) processes were most widely used treatment biotechnologies for municipal wastewater (Qiu et al., 2010) . Therefore, to enhance nitrogen removal and meet requirement of national discharging standard for municipal WWTPs, it is worthwhile to access better understanding of microbial communities and nitrogen removal activity, in WWTPs with AAO, OD and SBR processes.
In this study, 45 samples were collected from eight WWTPs, with AAO, modified AAO, OD (OD and AAOD) and SBR processes. Bacterial and archaeal communities were analyzed by Illumina high-throughput sequencing. Statistical analyses were performed on bacterial and archaeal 16S rRNA genes, to compare correlations of bacteria and archaea with chemical factors in wastewater. Moreover, the potential activity of aerobic ammonium oxidation, aerobic nitrite oxidation, denitrification and anammox of all WWTP samples were detected and compared among all WWTP samples. The aim of this study was to understand the potential linking of microbial community, nitrogen removal activity and treatment biotechnology in WWTPs. Then, potential solution for promoting ammonium removal in WWTP was discussed.
Materials and Methods

WWTPs for Sampling
Activated sludge samples were collected from eight full-scale WWTPs in PRD China, details for location and treatment biotechnology were shown in Table 1 , Fig. 1 and Fig. S1 . To minimum the effect of living culture, temperature and sampling time, all samples were collected in a week, and all sampling WWTPs were located within one province. Aerobic and anoxic sludge samples were taken from oxic/aerobic and anoxic tank/area of biological treatment system, respectively. There was only one sample be taken from SBR process, since both aerobic and anoxic treatment were taken place in a single tank. All sampling WWTPs were located in main cities in Guangdong province of China, where population densities were relatively higher. Three samples were taken within the same week (in July 2017) as parallel samples for each WWTPs. All 45 samples were used for chemical factors and activity assays, but only a mixed sample of three parallel samples from each WWTP was used for investigation of microbial composition (15 samples). Dissolve oxygen concentration was automatically controlled at 1.5 -2.0 mg L −1 in aerobic tank/area or period in all sampling WWTPs. Since all samples were taken within a narrow area, the temperature in all sampling tanks were about 25.5 ± 1.5°C. All samples collected from WWTPs were carefully transported to the laboratory as soon as possible after sampling. Activated sludge samples were used for activity assays, quantification of protein concentration and DNA extraction after gravity settling, the resulted supernatants were stored at -20°C until chemical analyses after centrifuge.
DNA Extraction, PCR Amplification and Raw Data Analysis for High-throughput Sequencing
Sludge sample (2 mL) was centrifuged at 10000 rpm for 3 min, the resulted pellet was used for DNA extraction. The primer set of 341F/805R was used to amplify bacterial 16S rRNA gene (Herlemann et al., 2011) . A nested PCR was performed for amplification of the archaeal 16S rRNA gene, primer sets of 340F and 1000R for primary PCR (Gantner et al., 2011) , and primers of 349F/806R for secondary PCR (Takai and Horikoshi, 2000 
Statistical Analysis and Data Deposition
The qualified sequences were assigned to different operational taxonomic units (OTUs) with 3% distance cutoff. Archaeal and bacterial communities were analyzed by RDP classifier (version 2.12) (Wang et al., 2007) . Rarefaction curve and alpha diversity (ACE, Chao1 and Shannon index, Simpsons and Coverage) were calculated by Mothur (version 1.30.1) (Schloss et al., 2009) . Canonical correlation analysis (CCA) was conducted by R software (version 3.2) with vegan package (2.0-10) (Cheema et al., 2015) . Sequence data were deposited to NCBI with the accession number of SRP153343 and SRP153377.
Activity Assays
Sludge sample after gravity settling was washed 5 times with phosphate buffer saline (PBS, 300 mM, pH 7.3). Washed sludge samples (50 mL) were used for activity assays with previously reported methods Langone et al., 2014) , in 100 mL glass flasks (aerobic ammonium oxidation and nitrite oxidation) and serum bottles (denitrification and anammox). In short, ammonium concentration of 0.5 mM was used in activity assays of aerobic and anaerobic ammonium oxidation, nitrite concentration of 0.5 mM was supplemented in nitrite oxidation, denitrification and anammox activity assays. Glucose (1000 mg L −1 ) was used as carbon source for denitrification. For activity assay of denitrification and anammox processes, gas exchange with nitrogen gas (99.99%) for 20 min was performed to removal oxygen. Liquid sample was taken every 30 min for 3 h, to monitoring substrate consumption. Activities of aerobic and anaerobic ammonium oxidation were calculated by the consumption rate of ammonium, while the activities of aerobic nitrite oxidation and denitrification were evaluated by the consumption of nitrite.
Analytical Methods
Sludge sample (1 mL) was centrifuged at 13000 rpm for 3 min, the resulted pellet was used for quantification of protein concentration with previously reported method (Yan et al., 2018) . Concentration of ammonium was detected by OPA colorimetric method (Yan et al., 2012) . Nitrite, nitrate and sulfate in liquid samples were analyzed by ion chromatography (DIONEX ICS-1100, Thermo Fisher, USA). COD and TP concentration were measured by standard methods (APHA et al., 2005) .(See Supplement Materials for details.
Results and Discussion
Chemical Properties in Wastewater
Chemical properties in wastewater of each sampling anoxic and aerobic tank/area municipal WWTPs were evaluated, including pH value, ammonium, nitrite, nitrate, sulfate, TP and COD concentration, as shown in Table 1 . A tiny amount of agricultural and industrial waste water (< 0.01% flow) were injected into municipal wastewater flow during operation, in DTS, HM and DW WWTPs. Nitrite concentration was lower than the detection limit for most of the samples. With exception of DW and ZSH WWTPs, ammonium concentration was higher than 5 mg L −1 , which could not meet the requirement from national discharging standard. TP concentration in HM WWTP was unmorally higher than the other samples, which might indicate high concentration of TP in the injected industrial wastewater. 
Microbial Communities in WWTPs
There were a total of 902,672 qualified bacterial 16S rRNA gene sequences, and 988,524 qualified archaeal 16S rRNA gene sequences be obtained, from all WWTPs samples (see Table 2 ). Rarefaction curve and Shannon diversity curve of all WWTP samples were shown in Fig. S2 , which indicated sufficient sequences have been obtained to investigate microbial diversities of all sludge samples. Richness and diversity indices of bacterial and archaeal communities of all samples indicated a large bacterial and archaeal community in WWTPs. Richness and diversity of bacteria were remarkably higher than archaea. Besides, Shannon index demonstrated the follow technology-dependent trend in bacterial community diversity:
The number of 114 common bacterial OTUs was observed among all WWTP samples, accounting for about 3.3 -4.6% abundance of total OTUs in each sample, see Fig. S3 , which was dominated by Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, Actionobacteria, Gemmatimonadetes, Planctomycetia and Nitrospira, see Fig. S4 . Both carbon and nitrogen conversion bacteria were included in these common OTUs, indicating the presence of shared/core OTUs for biological treatment processes in municipal wastewater treatment. However, there was no shared archaeal OTUs could be achieved among all WWTP samples. Moreover, the unique OTUs in ZSH and DTS A were extremely higher (over 600 OTUs) than other samples (90 -250 OTUs).
Proteobacteria were the most predominant phylum in all WWTP samples, attributed to 39 -75% of total bacteria, followed by three phyla of Bacteroidetes, Planctomycetes and Acideobacteria. Distribution of bacteria and archaea at family level were presented in Fig. S5 and Fig. S6 . The family of Rhodocyclaceae, Planctomycetaceae, Comamonadaceae and Chitinophagaceae were relatively abundant in WWTPs. With exception of ZSH WWTP, archaea community was dominated by Methanogenesis in both anoxic and aerobic sludge, which was able to produce methane, including family of Methanoregulaceae, Methanotrichaceae, Methanospirillaceae and Methanobacteriaceae. This phenomenon might relate to sludge recycling in AAO, MAAO and OD processes, which led to mixed anoxic and aerobic sludge. Aerobic ammonia-oxidizing archaea was dominated archaea in sample from ZSH WWTP, both families of Nitrososphaeraceae (60%) and Nitrosopumilaceae (28%) could be observed. The unclassified archaea at family level in DW WWTP, was belonged to the phylum of Woesearchaeota. Woesearchaeota attributed to about 60% of archaea, and other archaeal methanogenesis occupied about 30% of archaea in genus level in DW WWTP. Woesearchaeota were widespread archaea in aquatic ecosystem (Ortiz-Alvarez and Casamayor, 2016; Saghaï et al., 2017) . However, our knowledge about the ecological role of Woesearchaeota was very limited, since there was no isolation or enrichment in phylum of Woesearchaeota so far. Recently, co-existence of Woesearchaeota and methanogenesis has been reported (Liu et al., 2018) , which suggested host-dependent lifestyle of Woesearchaeota due to absence of genes for the complete TCA cycle. The high abundance of Woesearchaeota might relate to the injection of industrial wastewater in DW WWTP, there might be special organic compounds present in industrial wastewater which stimulated the growth of Woesearchaeota.
Statistical Analyses
To investigate correlations of bacterial and archaeal community composition with chemical factors in wastewater, CCA was performed as shown in Fig. 2 . Nitrite, nitrate and TP concentration were strongly correlated with the diversity of bacterial and archaeal composition in WWTP samples, which suggested nitrite, nitrate and TP concentration were the most effective factors on bacterial and archaeal communities, than pH value, COD and sulfate concentration. 
Abundance of Potential Nitrifiers, Denitrifiers and Anammox Bacteria
OTUs of known nitrifiers (Zhang et al., 2011; Fan et al., 2017) , denitrifiers Wang et al., 2015) and anammox bacteria Meng et al., 2017; Hu et al., 2010) were selected at genus level, abundance of nitrifiers, denitrifiers and anammox OTU numbers in all WWTP sludge samples were shown in Fig. 3 and 4. It was not able to distinguish aerobic ammonia-oxidizing bacteria, nitrite oxidizing bacteria and comammox bacteria based on 16S rRNA genes at genus level. For instance, in the genus of Nitrospira, there were both aerobic nitrite oxidizers (Cébron and Garnier, 2005) and comammox (Van et al., 2015) . Nitrosococcus mobilis was a nitrite oxidizer, but Nitrosococcus oceani was a widespread ammonia-oxidizing bacteria (Ward and O'Mullan, 2002) . Therefore, all of Nitrobacter, Nitrosocuccus, Nitrosomonas, Nitrosospira and Nitrospira OTUs were merged as nitrifiers. The abundance of nitrifying bacteria in WWTP was very low, which only contributed to less than 3.5% of total bacterial communities, except sample from JTX WWTP (about 6%). This was in consistence with previous studies (Zhang et al., 2011; Hai et al., 2014) . Nitrospira sp. was dominate nitrifier in all samples, which might relate to both ammonium and nitrite oxidation. Abundance of AOA was very low in most of WWTP samples, which was less than 2.5% of total archaeal communities, except in ZSH WWTP (86.8%). Nitrososphaera sp. was the majority AOA in all WWTP samples. A list of potential denitrifiers has been reported by Rosenberg (Rosenberg et al., 2013) , 34 genera of denitrifiers could be detected among all WWTP samples in this study, as shown in Fig. 4A . Denitrifiers were sustainably more abundant in sludge samples from OD associated and SBR processes. Comamonas was dominate in WWTP with AAO process, Thermomonas and Dechloromonas were majority denitrifiers in OD associated WWTPs, Dechloromonas, Thiobacillus, Thauera, Azoarcus and Hyphomicrobium were relatively abundant denitrifers in WWTPs with MAAO process. Denitrifiers in SBR process were found to be evenly distributed by Comamonas, Thermomonas, Dechloromonas, Thiobacillus, Azoarcus, Bdellovibrio, Hyphomicrobium and Defluviimonas. With exception of genus of Candidatus Jettenia, anammox bacteria belonged to all the rest 4 genera were detected in samples of WWTPs, including genera of Ca. Kuenenia, Brocadia, Anammoxoglobus and Scalindua. However, the abundance of anammox bacteria were extremely low in sludge sample from WWTPs, which was more than 1000 times lower than denitrifiers, see Fig. 4 . Anammox bacteria were hardly detected in SJ WWTP. The 4 genera of anammox bacteria were almost evenly distributed in sludge in SBR process, while the genera of Ca. Anammoxoglobus and Kuenenia were dominated in the rest seven WWTPs. Genera of Ca. Kuenenia and Brocadia were commonly dominated anammox bacteria in freshwater ecosystem, and Meng et al., 2017; Langone et al., 2014; Hu et al., 2010) . Ca. Anammoxoglobus were enriched from wastewater with addition of organic carbon, such as propionate (Kartal et al., 2007) and landfill leachate (Hsu et al., 2014) , therefore, the observed abundance of Ca. Anammoxoglobus in WWTPs of PRD might related to organic compounds composition and concentration in this area. Ca. Scalindua was widespread marine anammox bacteria, but there was also research indicated Ca. Scalindua anammox bacteria played important role in clean/ un-polluted paddy soil (Wang and Gu, 2013) . Thus, the presence of Ca. Scalindua anammox bacteria might indicate relatively clean water the in ZSH WWTP, which was agreed with chemical data of wastewater. 
Effect of Wastewater Treatment Technology on Microbial Communities
All sludge samples investigated in this study were collected in municipal WWTPs in PRD area, the presence of a shared OTUs might confirm similar function of all samples. However, community compositions were obviously different over samples using different biotechnology. AAO, OD, MAAO and SBR were widely used biotechnologies adapted from the traditional activated sludge process. The highest Shannon index was achieved in bacterial community from SBR process, followed by OD, MAAO and AAO process, which probably due to the powerful sludge retention in SBR and OD process, by wastewater treatment in a single tank (as shown in Fig. S1 ). This result was consisted with Hu , who reported higher bacterial Shannon index in OD process than AAO and AO processes. SBR process was widely used in enrichment of slowly growing microbes, such as anammox bacteria Yan et al., 2012; Strous et al., 1999) and nitrite-dependent anaerobic methane oxidation (n-damo) bacteria (Ettwig et al., 2008; Hu et al., 2014) . The relative importance of AOB and AOA had been remained unclear since the discovery of AOA (Könneke et al., 2005) , relative abundance and contribution of AOB and AOA were very different over studies, locations and ecosystems (Zhang et al., 2011; Park et al., 2006; Bai et al., 2012; Posmanik et al., 2014; Liu et al., 2016) . In this study, it was demonstrated that abundance of AOA was dramatically higher in SBR process, which might due to the long sludge retention and low F/M ratio in SBR process. The abundance of denitrifiers were sustainable higher in OD associated and SBR process, which were both one single tank wastewater treatment technology. Moreover, Nitrospira sp. was dominate nitrifiers in all samples, however, aerobic ammonium oxidation activity was very low in all samples, which might imply most of the Nitrospira sp. bacteria in WWTPs were non-comammox bacteria, but aerobic nitrite oxidizers (Gonzalez-Martinez et al., 2016) .
Inconsistency of Abundance and Activities of Nitrogen Cycle Microbes
Activities of aerobic ammonium oxidation, nitrite oxidation, denitrification and anammox were higher in WWTPs with SBR and MAAO processes, however, the abundance of AOA and denitrifiers were higher in SBR and OD associated processes. No remarkable difference could be obtained for the relative abundance of nitrifiers and anammox bacteria over samples from the different treatment process in this study. In fact, the abundance of microbes was not always accordance with contribution of microbes, which indicated the presence of microbes without activity. For instance, nitrification activity was decreasing while stable bacterial and archaeal amoA gene was detected in soil ecosystem (Fisk et al., 2015) , AOA activity was not dependent on the abundance of AOA in fertilization soil (Guo et al., 2017) . Anammox bacteria abundance was not correlated to anammox activ-ity in municipal WWTPs , which was in good agreement with this study. As shown in Fig. S1 , AAO and MAAO was a wastewater treatment process with individual anaerobic, anoxic and aerobic tanks, which led to lower sludge retention ability than SBR and OD processes. Therefore, lower microbial diversity and abundance in AAO and MAAO was observed than SBR and OD processes in this study. However, operation of AAO process required a large flow for recycling (R > 300%), from aerobic tank to anoxic tank which brought nitrite/nitrate for denitrification in anoxic tank, thus, the activity of denitrifiers were inhibited by oxygen stress introduced by recycling flow. To avoid this problem, MAAO process introduced an additional pre-anoxic tank before anaerobic tank, and an aerobic tank before anoxic tank instead of recycling flow, see Fig. S1 . Both carbon and nitrogen removal was enhanced, since the activity of each corresponding microorganism was optimized in MAAO . The higher nitrogen removal activity in SBR might relate to both microbial abundance and optimized operating condition, it was very convenient to adjust the retention time in SBR process, anaerobic, anoxic and aerobic process could be achieved in a single tank by intermittent-aeration (Dosta et al., 2007) . Higher activity for pharmaceuticals removal in WWTPs could be detected in SBR and MBR processes, than AAO and OD processes (Liu et al., 2017) . Besides, the relatively lower ammonium concentration in the effluent of SBR process might relate to the abundance of AOA in SBR, since extremely high ammonium affinity was found for AOA (132 nM) (Martens-Habbena et al., 2009 ) in comparison to AOB (> 20 µM), which enabled ammonium scavenging. Therefore, the relatively higher nitrogen removal activities in SBR and MAAO processes, were not only related to the microbial abundance but also related to process configuration, which led to inconsistence of abundance and activities of nitrogen cycle microbes in WWTPs. In this study, potential anammox activity was of the same magnitude as denitrification activity in all samples (< 10-fold difference), although the abundance of anammox bacteria was over 1000 times lower than denitrifers. Potential denitrifiers which selected based on 16S rRNA genes might be non-denitrifiers, which led to miscount in abundance of dentrifiers. Different results obtained from 16s rRNA gene and amoA gene quantification was reported with aerobic ammonium oxidizers in WWTPs (Zhang et al., 2011) .
Potential Solution to Enhance Nitrogen Removal in WWTPs
As discussed above, activity of aerobic ammonium oxidation was much lower than the activities of nitrite oxidation, denitrification and anammox, which most likely suggested aerobic ammonium oxidation was the limiting step for entire nitrogen removal process in WWTPs. CCA results further confirmed this theory, since both bacterial and archaeal communities were most correlated to nitrite/nitrate concentration in the tank. Based on above discussion, activity of aerobic ammonium oxidation, was related to both AOB/AOA abundance and treatment process configuration. Therefore, a few potential solutions were suggested to enhance aerobic ammonium oxidation in WWTPs: 1) designing and operating WWTPs with technology which was able to optimize the activity of aerobic ammonium oxidation, such as SBR and MAAO, application of SBR process might promote ammonium scavenger in effluent because of the abundance of AOA; 2) bio-augmentation of AOB culture in WWTPs to enhance abundance and activity of nitrifiers (Nejidat et al., 2006; Tang and Chen, 2015; Li et al., 2018) ; 3) introducing earthworms to enhance aerobic ammonium oxidation in constructed wetland for municipal wastewater treatment, which led to increase of AOB biomass and activity (Emamjomeh et al., 2017; Xu et al., 2016) .
Conclusions
Microbial communities and nitrogen removal activities of 8 municipal WWTPs were shaped by treatment technologies.
Higher microbial diversities and nitrogen removal activities were observed in SBR and MAAO processes, than OD and AAO processes. Lack of nitrite/nitrate was the limiting factor for the entire nitrogen removal in WWTPs, due to low aerobic ammonium oxidation activity. Therefore, enhancing activity of aerobic ammonium oxidation was of crucial importance for nitrogen removal in WWTPs. Technology preference, bioaugmentation of AOB culture and introduction of earthworms might be potential solutions to enhance ammonium oxidation activity in WWTPs. Supplementary information of this work can be found in online version.
